ABSTRACT
Introduction
Since the first unambiguous discovery of brown dwarfs (BDs) (Rebolo et al. 1995; Nakajima et al. 1995) this field has progressed rapidly. Considerable observational effort has been devoted to identifying BDs in the known nearby star-forming regions (SFRs) and young open clusters. These objects provide crucial information on the dependence of key physical properties, such as disk properties, multiplicity and the shape of the Initial Mass Function on primary mass.
Send offprint requests to: L. Valdivielso (e-mail: lval@iac.es) Due to mass accretion processes, many young low-mass stars and BDs show Hα emission stronger than the emission expected from chromospheric activity. Studying the Hα equivalent width and the spectral type using low-resolution spectra, it can be determined whether or not a star is accreting (Barrado y Navascués & Martín 2003) . Thus Hα surveys have the potential to identify very young stars and BDs that are still accreting from their disks.
Some Hα searches for very low-mass (VLM) stars and BDs have already been instrumental in detecting these objects, such as for example those carried out in high latitude molecular clouds (Martin & Kun 1996) or in Orion OB1 (Briceño et al. 2001) . Evidence of accretion disks and infrared excess in young VLM stars and BDs has been confirmed in several SFRs, such as ρ Ophiuchus (Wilking et al. 1999) , the Trapezium (Muench et al. 2001) , Chamaleon I (Natta & Testi 2001) , IC348 (Jayawardhana et al. 2003) or σ Orionis (Oliveira et al. 2002; Zapatero Osorio et al. 2002a; Muzerolle et al. 2003) . Some spectroscopic studies have emphasised on the analysis of the Hα emission of substellar objects and led to the detection of very cold objects such as S Ori 55 (Zapatero Osorio et al. 2002b) or S Ori 71 (Barrado y Navascués et al. 2002) .
The INT Photometric Hα survey of the Northern Galactic Plane (IPHAS) is a valuable source for discovering young VLM stars and BDs using Hα emission. It covers 1800 square degrees of the northern Milky Way in the latitude range −5
• < b < 5
• . It provides (Sloan) r', i' and narrowband Hα photometry down to a magnitude limit of r'∼ = 20 (10 σ). The data is taken using the Wide Field Camera (WFC) on the 2.5m Isaac Newton Telescope (INT) (Drew et al. 2005; Gonzalez-Solares et al. 2007) .
So far the overwhelming majority of the surveys for young VLM objects are concentrated in the known SFRs and nearby young clusters.Take as an example recent research in Taurus (Guieu et al. 2006) , Orion OB1A and OB1B (Downes et al. 2006) , Chamaeleon I (Luhman 2004a) , Chamaeleon II and Ophiuchus (Allers et al. 2007) or σOrionis (Caballero et al. 2007) .
The IPHAS survey offers a complementary approach because it allows us to use Hα as a primary selection criterion, and it provides a wide area coverage around or outside the well-known SFRs and clusters.
The Virtual Observatory (VO) is a recent initiative with the goal of managing large databases in an organised manner in order to make an efficient use of astronomical archives. In this work VO tools have been applied for the first time to the search for young VLM objects. We have made a cross-correlation of an early version of the IPHAS point source catalogue with the Two Micron All Sky Survey (2MASS) point source catalogue (Skrutskie et al. 2006) . The rest of the paper is organised as follows: Section 2 describes the selection criteria used for identification of young VLM candidates. Section 3 deals with spectroscopic follow-up observations of 113 candidates selected using our criteria. Section 4 discusses the analysis of the spectra leading to the determination of spectral types and equivalent widths. Section 5 presents the main results of our study.
Sample selection
The VO offers the possibility of efficiently cross correlating large multi-wavelength databases. Aladin 1 is an interactive software sky atlas allowing the user to visualise digitised astronomical images, superimpose entries from astronomical catalogues or databases, and interactively access related data and information from the Simbad database, the VizieR service and other archives for all known sources in the field.
We have used Aladin to look for new VLM objects via crosscorrelation of the IPHAS catalogue with 2MASS. The photometric data available in these catalogues provides magnitudes in Hα, r', i', J, H and K for the selected objects. We used an early version of the IPHAS point source catalogue that covered about 1200 square degrees. Our search was re-1 http://aladin.u-strasbg.fr/aladin.gml. stricted to the RA range from 18 to 05 hours. We identified 4000 candidates that met the following criteria:
-IPHAS-2MASS coincidence in coordinates within 1 ′′ . -The IPHAS sources should be classified as stellar or probably stellar in the r', i' and Hα bands and have colours in the range 1.1 < r'−Hα < 3.0 (to avoid potential artifacts and select objects with Hα in emission according to Drew et al. (2005) who show that M6 dwarfs have IPHAS colours r'−Hα = 1.06 for E(B−V) = 0.0, and r−Hα = 1.14 for E(B−V) = 1.0); and magnitudes i' < 18.5. -The 2MASS sources should have qflag A or B; colours in the range 0.7 < J−H < 1.3 (to discard strong reddened objects and red giants); and 0.4 < H−K < 1.1 (for selecting cool photospheres and/or infrared excess).
Follow-up spectroscopic observations
We have carried out 3 campaigns of follow-up low-resolution spectroscopic observation of our targets. Altogether, spectra for 113 candidates have been obtained, which represents only 3% of our total sample. We now discuss these runs in chronological order:
William Herschel Telescope observations
Our first run took place on August 1-2, 2006 with the ISIS long slit spectrograph on the 4.2m William Herschel Telescope in La Palma as part of the international time program led by Janet Drew. The R158R grating in red arm was used. The instrumental setup gave a dispersion of 1.63 Å/pixel with a wavelength range of 5400-10300Å. We took spectra with exposure times ranging from 700 to 1800s for 35 young VLM candidates. Due to poor weather conditions in the first night (variable seeing of 2-3 ′′ ) the slit width was 2.0 ′′ (FWHM ∼ 15Å). In the second night we had much better seeing, ranging from 0.7 ′′ to 1 ′′ , and hence a slit width of 1.0 ′′ was used (FWHM ∼ 7Å). Each night two flux calibration standard stars were observed, and Ne-Ar arcs and lamp flat-fields were taken at the beginning of the nights. Bias and flat-field correction has been applied to all our CCD frames. Wavelength calibration and instrument response corrections were made on the science spectra using standard tasks in the IRAF environment.
Northern Optical Telescope observations
Our second run occurred on October 10-14, 2006 with the ALFOSC spectrograph on the 2.5m Nordic Optical Telescope in La Palma. Grism 5 was used corresponding to a dispersion of 3.1 Å/pixel and a wavelength range of 5000-10250Å. A slit width of 1.0 ′′ (FWHM ∼ 16Å) was used and exposure times ranged from 300 s to 2400 s. 56 new candidates were observed. One flat-field and one arc lamp exposure were taken immediately before or after each science target. A flux calibration standard star was observed at the beginning of the nights. Bias correction was performed using an average bias for each night, and flat-field correction was made with the normalised flat-field exposure obtained at the same telescope position as the scientific spectrum. This procedure improved the correction of the fringing pattern in the CCD detector response over the correction that was obtained using an average flat-field. The calibration in wavelength was done using the images of He-Ne-Th-Ar arcs obtained after each scientific image. Tests were done calibrating with the emission lines of sky that appear in the spectra instead of with the arcs, nevertheless the results of the calibration were not better. Tests were also made using different polynomial functions to fit the wavelength solution. Finally, a 4th order Legendre polynomial was chosen. We measured that the displacements of known sky airglow emission lines with respect to the expected positions are generally less than ∼2Å , which is acceptable because it is less than 1/8 of our spectral resolution. The standard HD227900 was used for flux calibrations. All data reductions were carried out using IRAF.
Lick Observatory Shane Telescope observations
In July 2007 we used the KAST spectrograph on the 3m Shane Telescope at Lick observatory with the 600/7500 (2.32 Å/pixel) and 300/7500(4.6 Å/pixel) gratings in the red arm only with a 2 ′′ slit width and exposure times from 300s to 2400s for a total of 25 candidates. The wavelength range covered was of 5600-8500 Å for the 600/7500 grating and 5000-10500 Å for the 300/7500 grating. Ne arcs and flat-field lamp exposures were taken for each position of the scientific images. Part of the observations of the last night were affected by adverse weather (cirrus). In general the quality of the data collected during this campaign is poorer than the two previous runs. During the first two nights the 600/7500 grating was used (FWHM ∼ 5Å). Although the weather was good, with seeing of ∼1.5 ′′ , the spectra were very noisy and weak, sometimes so much that it was not possible to extract them. For the 2 last nights we decided to change to the 300/7500 grating (FWHM ∼ 9Å) in order to improve the signal to noise ratio of the spectra. For the reduction, flat-field normalised images obtained after each scientific exposure were applied. For wavelength calibration Ne arcs also taken after each exposure was used. Depending on the night and the grating, different spectrophotometric standards were used for flux calibrations. All data reductions were carried out using IRAF.
Spectral analysis
We found that 42 of our 113 targets have strong Hα emission. Therefore we have had a 37% success rate in the confirmation of Hα emission among our candidates.We find 12 of the 42 confirmed targets in the IPHAS catalogue of emission-line sources of Witham et al. (2008) . For the sample selection we used a preliminary version of the IPHAS catalogue which was available to us in July 2006. Due to the improvement of the Hα zero point calibration on the IPHAS catalogue, although all of our candidates where selected as likely Hα emitters with r'−Hα > 1.1, most of the non Hα emitters are out of the main stellar locus of emission-line sources of Witham et al. (2008) in the IPHAS colour-colour plane, and only 48 of them fit the selection criteria according to the new photometric IPHAS catalogue. According to this, we have 48 observed candidates that really fit the criteria and from those 40 of them show Hα emission which is 83% success rate. In the following analysis we only retain the objects with confirmed Hα emission.
Spectral type determination
The spectral type has been determined using 3 different methods: (a) the Hammer code; (b) χ 2 fitting with template spectra; and (c) measurement of spectral indices that have a known relation to spectral classification. 
Comparison with template spectra: The Hammer code
Hammer 2 is a tool written in IDL for the analysis of stellar spectra (Covey et al. 2007) . With this routine each spectrum is analysed automatically to predict the spectral type by calculating a list of spectral indices (measuring the strength of CaH and TiO bands) to a library, considering the uncertainty of each index and also do measurements of Hα as tracer of activity in late type stars. In addition, it allows the user to manually compare and to change the final spectral type that is initially assigned automatically by the program via a rough comparison with the sample of reference spectra. The routine has been applied to all our targets with confirmed emission in Hα. In most cases, it was necessary to select interactively the spectral type. Nevertheless, applying this method is useful because it allows to quickly inspect different comparisons of the targets with templates and to derive a first estimate of the spectral type.
χ 2 method
An IDL program has been written to calculate the χ 2 value comparing our target spectra with those of M-type reference field dwarfs. We found the best spectral type by minimisation of the χ 2 value. As reference for the spectral classification, stars of the IAC ultracool dwarf catalogue were used (Martín et al. 2005 In Fig. 1 we display an example of the application of the χ 2 method for the spectral type determination in one of our targets. The object spectrum (black line) is compared with the template that yields the minimum χ 2 value (red line), and with the templates that have adjacent earlier or later spectral subclass (blue and green lines, respectively). In general the method works fine, although there were some objects that did not fit properly to any spectral template. This method did not provide trustworthy results for noisy or highly reddened spectra because the calculation of χ 2 is based on the difference point to point between two spectra.
Equivalent widths 4.2.1. Spectral indices
The spectral indices PC3, PC6, TiO1 and TiO2 of the objects with emission in Hα have been determined using the IRAF task sbands and the results (see Table 1 only available in electronic form) have been compared with those of Martín et al. (1999) to determine the spectral type of our candidates. For 7 objects we could not find a reasonable agreement between the different indices (within 2 spectral subclasses), and hence this method was not used for them.
Hammer provides measurements of the equivalent width of Hα simultaneously with the spectral type determination. However, it does not provide reliable errors for our spectra because Hammer calculates them by propagating the error estimates provided by the SDSS spectral reduction pipeline.
We derived the Hα emission equivalent width of our targets by direct integration of the line profile using the IRAF task splot. The uncertainty was estimated via measurements performed for extreme choices of continuum level and line integration wavelength range made by visual inspection of the spectra.
We have tried to measure the NaI doublet equivalent width at 818.3 nm and 819.5 nm on all of our objects as low surface gravity indicator, but this part of the spectrum is affected by residual fringing and we can not give a reliable estimation of the equivalent width. To investigate the surface gravity and for comparison purposes, simulations of how the residual fringing affects the doublet on the reference objects have been done. We have degraded the resolution of the reference objects to the resolution of our targets and introduced different residual fringing according to the residuals in our objects. For statistical and comparison
Fig. 2.
Comparison of the spectra of IPHAS J214625.99+572829.0 observed on two different nights. There is significant variability in the continuum and the Hα emission. The spectra are normalised at 8123Å. purposes with our targets also measurements of NaI doublet index with defined blue, central and red bandpasses (8130-8171Å, 8172-8207Å, 8235-8265Å respectively due to low resolution of the spectra and visual inspection) have been used for quantitative estimation of the variation with the residual fringing on the objects. The results are shown and discussed in section 5.3.
Results

Definition of the sample of M-type Hα emitters
9 of our 42 targets with confirmed Hα emission have very red continuum slopes on the red part of the spectrum, indicative of high reddening and are classified as early-M or late-K objects. They do not have late-M spectral type and thus are not considered in the rest of this paper. Our results are focused on the 33 M-type Hα emission objects that have negligible reddening according to our visual inspection of the comparison with reference dwarfs of known spectral types.
In Table 2 we give our results obtained from the 3 different methods of determination from the spectral type (SpT) and the measurements of equivalent widths (W) of Hα (using Hammer and IRAF) and the Na I doublet. 6 of our targets were observed more than once to check for variability. They have more than one data line in Table 2 . We find that observations of the same objects obtained at different epochs and with different instruments give consistent spectral types within the error bars except for object IPHAS J214625.99+572829.0 which shows significant variability (Fig.2,4 ).This object also displays strong and variable Hα emission. Two more objects (IPHAS J210404.87+535124.4, J001655.91+654732.8) show Hα variability larger than the error bars but no significant change in spectral type. The three remaining targets observed more than once do not have Hα variability larger than the error bars. These examples indicate that the observed Hα emission is not due to occasional flares, because the strong Hα emission is observed at several epochs. Emission line variability is an additional indicator for youth and has been found previously for young, accreting brown dwarfs (Scholz & Jayawardhana 2006 ). The variability might be due to co-rotating hot spots, changes in the accretion flow geometry or changes in the mass accretion rate onto the central object (Bouvier et al. 1995) .
In Fig. 3 the results of the three different methods of spectral type determination are compared. Hammer tends to give earlier types than the χ 2 method. The discrepancies between these two methods is in general within one spectral subclass, but there are a few examples of larger differences. The spectral types obtained from the spectral indices are sometimes intermediate between Hammer and the χ 2 method, but for the latest subclasses in our sample they tend to agree more with Hammer than with the χ 2 . We have adopted spectral subclasses by computing the average Fig. 4 . Hα equivalent width against adopted spectral type for our objects. The dashed line denotes the dividing line between chromospheric activity and disk accretion. Our objects are clearly above the dashed line and hence they are likely undergoing mass accretion.
of the 3 methods, and we have rounded to the nearest subclass in steps of 0.5 subclasses.
With respect to the measurements of equivalent width of Hα it is observed that the values derived with Hammer are systematically lower than the ones obtained by manual integration of the line profile. We consider that the latter ones are more reliable than the Hammer results because they rely on careful visual inspection of the continuum and line profile on each spectrum. Hence, we adopt the manual values of Hα equivalent widths and error bars for the subsequent discussion.
Disk accretion
In order to discern whether the observed Hα emission is likely due to chromospheric activity or to disk accretion, we plot our Hα equivalent widths versus the adopted spectral type, and we compare with the empirical upper limit boundary of chromospheric activity derived in Barrado y Navascués & Martín (2003) . The results are shown in Fig. 4 . The 6 objects observed more than once are marked with red squares and the different measurements are connected with red lines. As mentioned in the previous section, the persistence of the strong Hα emission indicates that it is not due to sporadic flares. All the objects occupy the region of the diagram above the chromospheric activity saturation line, and hence they are likely accreting matter from disks.
Surface gravity
The NaI subordinate doublet at 818.3nm and 819.5nm is a good gravity indicator for late-M spectral types (Kirkpatrick et al. 1991; Briceño et al. 1998 ). This doublet becomes weaker as the surface gravity decreases. We have checked whether the doublet can be identified on the reference objects despite of the fringing and low resolution of our targets. In Fig.  5 we compare the SDSSJ150026.34-003928.0 reference dwarf (solid and dotted top lines and dashed bottom line) with one of Fig. 5 . Effects of the spectral resolution and residual fringing on our M6 template (SDSSJ150026.34-003928.0). Dotted line: original spectrum of the template; solid line: the same spectrum degraded to our spectral resolution; dashed line: the same spectrum degraded to our spectral resolution, and with residual fringing. For comparison we also show the spectrum of a typical M6 object from our sample (IPHAS J210404.87+535124.4). Fig. 6 . Dependence of the W(Na I) on the residual fringing and the spectral type. Filled circles denote the IPHAS objects and crosses denote measurements with different fringing residuals for the M objects used as reference to classify the IPHAS objects. our M6 classified objects IPHAS J210404.87+535124.4 (solid bottom line) and the doublet can be clearly be identified despite the residual fringing and low resolution. In Fig. 6 we show the results of the measurements described in 4.2. We find that for M3 type and later the doublet can be clearly identified but not for earlier types since the doublet is weaker for this spectral types and is embedded on the residual fringing. According these results we can conclude that in all of our objects classified as M3-4 the NaI doublet is weaker in our Hα emission objects than in field dwarfs of similar spectral class and much weaker for objects later than M4. This is consistent with our previous conclusion that most of our objects are very young and actively accreting. The half lifetime for disk accretion in VLM objects has been estimated to be less than 5 Myr by Mohanty et al. (2005) . According to this, the results suggest that our sample is ≤5 Myr. 
